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FACTORS CONTROLLING THE MOVEMENT OF FLUID
THROUGH THE HUMAN CAPILLARY WALL*
EUGENE M. LANDIS
Blood, the transporting medium of the body, is practically every-
where separated from the tissues, which it serves, by a single layer
of endothelial cells forming the walls of the capillary network.
During the past century the capillaries were believed to be inert,
thin-walled tubes conveying blood to the tissues in whatever quan-
tity the arteries might supply. The studies of Krogh4 and Lewis"4
have shown, however, that the capillary vessels are independently
contractile, and that they are capable of responding individually in
a very delicate manner to the circulatory needs of the immediately
adjacent tissues. But even so, the blood is still separated from the
tissues by the capillary wall, and the permeability of this single layer
of endothelial cells will be intimately concerned with the rate and
the manner of interchange of substances between the blood stream
and the tissue spaces.
For example, when water is absorbed from the intestinal tract,
in order to enter the blood stream it must pass inward through the
walls of the intestinal capillaries. From the blood the absorbed
water may pass outward through the glomerular capillary wall or
may find its way through the walls of the systemic capillaries into
the general tissue spaces. In either case, the fluid must pass through
the capillary wall again, this time, however, in the opposite direc-
tion. With this continual movement of fluid through the capillary
wall, at one moment inward, at another outward, it is remarkable
that the amount of tissue fluid remains approximately the same and
that the circulating blood maintains a constant volume.
To explain this equilibrium an attractive hypothesis was advanced
by Starling"7 in 1896. It had been shown that the capillary endo-
thelium is easily permeable to water and to solutions of most salts
but is relatively impermeable to the proteins of blood plasma by
reason of their colloidal dimensions. Starling emphasized the fact
that the enormous osmotic pressure of the blood plasma, amounting
to between six and seven atmospheres, is due almost entirely to dis-
solved salts. But since these salts pass easily through the capillary
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wall they cannot exert an osmotic pressure in the capillary and will
not, under normal conditions, be concerned with the movement of
fluid. The colloidal plasma proteins, on the other hand, are unable
to pass through the endothelial membrane and will, therefore,
influence the movement of
ISO water through the capillary
"o MAN wall, though exerting a much
,'___M^" smaller osmotic pressure-
found by Starling to be about 120 30 mm. of mercury. He sug-
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FIG. 1. Chart showing the relation osmotic pressure of the blood,
between mean blood-pressure and the osmotic filtration will result; when
pressure of the plasma proteins in the frog, capillary pressure falls below
rat, guinea pig and man. To simplify com- the colloid osmotic pressure of
parison the blood-pressure gradients for the the o mammals have been arranged above the blood- blood, absorption w
pressure gradient for the frog; length in result.
millimeters refers therefore only to the frog. Before considering the
movement of fluid through
the human capillary wall it may be well to summarize briefly some
of the results obtained by studying the relation between capillary
pressure and fluid movement in certain lower animals. It has been
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shown by direct micro-injection measurements in single vessels of
the frog mesentery' that the gradient of blood-pressure fall in the
peripheral vascular system does not cease at the junction of the
arterioles and capillaries but continues throughout the capillary
network (Fig. 1).
The average blood-pressure in the arteriolar portion of the
capillary network is measurably higher than that in the venous
portion. This gradient of capillary pressure has been observed in
four species, although the absolute level of capillary pressure differs
conspicuously.
In the frog, for instance, arterial capillary pressure amounts to
about 14 cm. of water, venous capillary pressure to 10 cm. of water.
In man the arterial capillary pressure9 amounts, on the average, to
45 cm. of water, venous capillary pressure to about 22 cm. of water.
If Starling's original hypothesis is correct, the colloid osmotic pres-
sure of these two species should show corresponding differences.
This is the case. The normal colloid osmotic pressure of frog
plasma has been variously reported to range from 7.5 to 13.0 cm.
of water. The colloid osmotic pressure of human blood amounts
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FIG. 2. Chart showing pressure changes in the cutaneous capillaries of
the frog web after stimulating the axone reflex by injuring the skin with
silver nitrate. Capillary pressure was measured by the micro-injection
method.
to about 36 cm. of water. The rat and guinea pig occupy an inter-
mediate position, both as to capillary pressure and as to the colloid
osmotic pressure of the blood8. In all four species the approximate
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balance between capillary blood-pressure and the colloid osmotic
pressure of the blood seems clear.
The figures just given for capillary pressure represent averages
including large numbers of single determinations. Capillary pres-
sure is really an extremely variable quantity. It changes in the
same capillary from moment to moment, and may differ widely
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FliG. 3. Chart showing changes in human capillary
pressure during heating of the skin. A micro-pipette was
introduced into a single capillary at the base of the
finger-nail.
in adjacent capillaries even though they arise from the same arteri-
ole. For example, chemical injury to the frog web10 produces
reflex vasodilatation, increased rate of blood flow, and a conspicuous
rise in capillary blood-pressure (Fig. 2). Similarly, in man, heat-
ing the skin9 at the base of the finger-nail induces hyperemia and
with it a striking rise in capillary pressure (Fig. 3). Raynaud's
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disease is a condition in which a more or less prolonged period of
arterial spasm is followed by a period of arterial relaxation and
reactive hyperemia. Duringtheperiod of spasm11 (Fig. 4)capillary
pressure is habitually low, in this case amounting to 7 mm. of mer-
cury; with arterial relaxation the capillary pressure may rise for a
brief period to exceed 40 mm. of mercury. Thus capillary pressure
may, under certain conditions, fall below, or exceed, the colloid
osmotic pressure of the blood throughout the whole capillary
network.
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FIG. 4. Chart showing capillary pressure in a case of Raynaud's disease
during spasm and during the hyperemia which follows the release of
spasm. Pressure was measured by introducing a micro-pipette into a single
capillary at the base of the finger-nail. Skin color is recorded in terms of
Lewis' scale. R. T. indicates room temperature; 2L indicates the skin
temperature of the finger under observation.
The effects which spontaneous variations in capillary pressure
exert upon the movement of fluid have been studied by micro-
injection methods applied to single capillaries of the frog mesentery
(Fig. 5). These observations are mentioned for comparison with
certain findings in the human subject, shortly to be described. It
was found in the frog7 that when capillary pressure was above 11 cm.
of water, fluid was filtered from the blood. Conversely, when
capillary pressure was below 11 cm. of water, fluid was absorbed
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by the blood. The rate of filtration or of absorption, calculated in
terms of cubic micra of fluid per square micron of capillary wall
per second, was directly proportional to the difference between capil-
lary pressure and 11 cm. of water, which was therefore regarded as
the effective colloid osmotic pressure of the blood in the frog mesen-
Capillary Pres are ter
FIG. 5. Chart showing the relation between capillary
pressure and the rate of filtration and absorption in single
capillaries of the frog mesentery.
tery. This straight-line relationship between capillary pressure
and the rate of fluid movement has since been observed also in man.
With this background we may consider the factors involved in
the balance between blood and tissue fluid in the human subject.
If fluid movement in man depends upon an approximate balance
between capillary pressure and the colloid osmotic pressure of the
blood, two things must follow. In the first place, as mentioned by
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Krogh4, a relatively small elevation of venous pressure must cause
fluid to accumulate in the tissue spaces so that the erect human being
is constantly near to edema. In the second place, with any given
capillary pressure, a rise in the colloid osmotic pressure of the
blood must be accompanied by a fall in the rate of filtration.
In the normal human subject the amount of tissue fluid is
extremely small, and the only way to identify the rate of filtration
involves the use of a plethysmograph. The ordinary plethysmo-
graph registers not onlychanges in the volume of tissue fluid but also
changes in vascular volume due to dilatation or constriction of the
arterioles, capillaries and venules. Spontaneous vasomotor changes
may cause total armvolume to change by as much as 2 cc. per 100 cc.
of arm. The amount of fluid filtered by slightly elevated venous
pressures is relatively small. Such minor accumulations, when
measured by the ordinary plethysmograph, may be hidden or mag-
nified by simultaneous changes in vasomotor tone. In order to
avoid this source of error a pressure plethysmograph was devised5,
so that quantitative studies of filtration rate might be made by a
more direct method. An attempt was made to determine change
in the volume bfthe tissues and their contained extravascular fluid,
while excluding the contents of the blood vessels. For this purpose
pressure was exerted on the surface of the segment of forearm
within the plethysmograph in order to collapse the blood vessels
before the final change in volume was measured. Under these
conditions, the state of contraction or dilatation of the blood vessels
did not, within certain limits, interfere with the reasonably accurate
measurement of changes in the volume of tissue fluid.
The pressure plethysmograph first described5 was modified'2 so
that readings of arm volume could be made for shorter periods and
at more frequent intervals while temperature was controlled. The
subjects were, with the exception of one series of observations
(Table 1), recumbent. The pressure plethysmograph enclosed a
segment of the forearm having a total volume of between 400 and
700 cc. The term "reduced arm volume" was used to designate
tissue volume when the blood vessels were collapsed by external
pressure, while "total arm volume" referred to the volume of the
segment of forearm when the blood vessels were not collapsed.
Before each observation "reduced arm volume" was measured
several times until the control values were relatively constant.
Venous pressure was then elevated, and at the end of the period
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of venous congestion "reduced arm volume" was again determined.
The difference between the last control reading and that following
the period of congestion indicated the amount of fluid which had
accumulated in the tissue spaces as a result of the elevated venous
pressure.
The efficiency of the pressure plethysmograph can be gauged
from the observation shown in Figure 6. Only the last of three
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FIG. 6. Chart showing the changes in total arm volume and in "reduced
arm volume" when venous pressure was elevated to 60 and 30 cm. of
water. The solid lines indicate the accumulation of tissue fluid.
control readings of "reduced arm volume" is shown. Immediately
after this reading venous pressure was elevated by inflating a broad
pneumatic cuff previously placed on the upper arm. The black
dots and broken line represent the effect on total arm volume of
raising venous pressure to 60 cm. of water. The total arm volume
of the forearm during the first 5 minutes of congestion increased
by almost 40 cc. The simultaneous change in "reduced arm vol-
ume", i.e., volume with the vessels compressed and emptied,
amounted to 6 cc.-the remaining 34 cc. representing blood
expressed from the turgid veins. The lower curve (Fig. 6, dots
and solid lines) was obtained by making repeated determinations of
"reduced arm volume" and indicates increase in tissue fluid. The
upper curve indicates increase in total arm volume due in part to
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tissue fluid and in part to distention of the veins. During the first
15 minutes of congestion the two curves are very different, but
later, after the veins have been distended to their maximum volume,
the two curves rise at approximately the same rate. The same was
found (Fig. 6, circles) when venous pressure was elevated to 30 cm.
of water continuously. It is noteworthy, as will be shown later,
that the change in "reduced arm volume" shown in the two lower
curves is rapid at first, but, in spite of unchanged venous pressure,
becomes steadily slower.
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FIG. 7. Chart showing the filtration of fluid produced
by venous pressures of 30 and 60 cm. of water over short
periods of time.
The effect on filtration of elevating venous pressure is shown
quantitatively in Figure 7. Three control readings made at inter-
vals of 3 minutes showed little change in "reduced arm volume".
Elevating venous pressure to 15 cm. of water produced no measur-
able filtration of fluid. A venous pressure of 30 cm. of water
during 15 minutes filtered approximately 0.4 cc. of fluid per 100 cc.
of arm. The filtration produced by a venous pressure of 60 cm. of
water during 10 minutes was even greater. When venous pressure
was permitted to return to normal the fluid was removed from the
forearm rapidly at first and then more slowly.
Before considering the effect which venous pressure exerts on
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the movement of fluid through the capillary wall, it may be well
to examine the relation between venous pressure and capillary pres-
sure. When a pneumatic armlet of sufficient width is wrapped
around the upper arm and inflated, capillary pressure rapidly rises
until it equals or slightly exceeds the pressure in the armlet (Fig. 8).
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FIG. 8. Chart showing the effect of venous congestion
(42 mm. Hg) on capillary pressure in man. Capillary pres-
sure was measured by introducing a micro-pipette into a
single capillary at the base of the finger-nail. R. T. indicates
room temperature; R3 indicates the skin temperature of the
finger under observation.
In this observation'5 a micro-pipette was introduced into a single
capillary at the base of the finger-nail. After a few readings of
normal capillary pressure the armlet was suddenly inflated to a
pressure of 42 mm. Hg. Capillary pressure followed rapidly
reaching, within a few minutes, a pressure of 44 mm. Hg. Releas-
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ing the pressure in the armlet allowed capillary pressure to fall,
within a few seconds, to its previous normal level. It is safe to
assume that during venous congestion capillary pressure at least
equals and possibly exceeds slightly the pressure in the armlet,
when the armlet is sufficiently wide.
The relation between filtration and various venous pressures
has been studied (Fig. 9). After a control period during which
FIG. 9. Chart showing the filtration of fluid produced by elevating
venous pressure to 15, 20, 30, 40 and 50 cm. of water for 30 minutes.
arm volume did not change significantly, venous pressure was ele-
vated for a period of 30 minutes to 15, 20, 30, 40 and 50 cm.
water. The chart shows clearly that above 15 cm. of water the
higher the venous pressure the more rapid the filtration. When
venous pressure was permitted to fall to normal, "reduced arm
volume" returned to the control level more or less quickly.
Knowing the volume of the forearm within the plethysmograph
and the volume of fluid filtered over a given period, it is possible
to calculate the rate of filtration in terms of cubic centimeters of
fluid per minute per 100 cc. of tissue. A series of experiments have
been charted to show the quantitative relation between venous pres-
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sure and the rate of filtration (Fig. 10). Above a certain low level
the rate of filtration is directly proportional to the venous pressure.
The straight-line relation-
ship between venous pres-
.200 / sure and the rate of filtra-
tion in man is quite as strik-
.180 ing as in the frog where
z / single capillaries were stud-
<4 .l60 /ied. From these and simi-
lar observations it may be
33.1o / concluded that a relatively
slight increase in venous
* J20 / . pressure filters fluid from
e / the blood into the tissue
spaces, and that above a
certain pressure, between 10
l t/ and 18 cm. of water, the 2 .080_ rate of filtration is directly
ti
5 / proportional to the venous
t .060 - pressure.
*:/ The effects of colloid
=.ooo osmotic pressure were stud-
ied by measuring filtration
.020 rates produced by a given
venous pressure when col-
,L/, ffi , , , loid osmotic pressure was
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FIG. 10. Chart showing the relation between Daily18 showed that when
rate of filtration and venous pressure. Each the human subject stands
point represents venous congestion lasting for quietly, fluid filters from
a period of 30 minutes. The rate of filtra- the blood into the tissues of
tion was measured by means of the pressure the dependent parts of the plethysmograph. body, chiefly into the legs.
As this fluid is lost the protein percentage of the circulating blood
rises. Therefore, by comparing filtration rates in the standing and
in the reclining position it was possible to compare the effects of
changing colloid osmotic pressure.
Table 1 shows the results of 6 experiments in which the relation
between the colloid osmotic pressure of the blood and filtration rate
212CAPILLARY PERMEABILITY
were studied. In each experiment, standing elevated the colloid
osmotic pressure and diminished the rate of filtration produced by
a given venous pressure. Hence the second requirement of Star-
ling's hypothesis is fulfilled, in that raising the colloid osmotic pres-
sure of the blood diminishes the filtration of fluid.
THE RELATION BETWEEN
TABLE I
COLLOID OSMOTIC PRESSURE OF THE
RATE OF FILTRATION
Colloid osmotic
Position Venous pressure Filtration rate pressure of the
blood
cc. per minute
cm. water per 100 cc. cm. water
Standing .................. 40 .030 43.7
Reclining .................. 40 .047 38.7
Standing .................. 40 .027 47.4
Reclining .................. 40 .056 38.7
Standing .................. 30 .022 40.2
Reclining .................. 30 .037 36.9
Reclining .................. 30 .025
Standing .................. 30 -.007
Standing .................. 30 .020 38.6
Reclining .................. 30 .034 33.5
Standing .................. 25 .000 43.1
Reclining ................. 25 .027 36.2
The results just described indicate indirectly that the capillary
wall is relatively impermeable to protein. In the past this has
generally been assumed to be the case. Recently, Drinker2 and
his coworkers have called attention to the high concentration of pro-
tein often found in lymph. Maintaining that tissue fluid and lymph
are identical, they regarded the capillary wall as everywhere quite
permeable to protein even under normal conditions. The matter
required further investigation, and for this reason the effects of
graded venous congestion on the cell and protein content of the
venous blood were studied1". The subjects reclined 30 minutes
before venous congestion was begun. The forearms were supported
at the side of the body so that the flexor surfaces were level with
the clavicles. Venous pressure was elevated by means of Riva Rocci
BLOOD AND THE
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armlets, wrapped around the arm well above the elbow. The arm-
lets were inflated simultaneously and suddenly from reservoirs con-
nected with manometers. On the control side the armlet pressure
was 9 mm. Hg, a pressure which, though enough to distend the
veins slightly, did not produce measurable filtration in plethysmo-
graphic observations. The pressure in the other armlet was raised
to 20, 40, 60 or 80 mm. Hg in the experimental observations and
to 9 mm. Hgin three control observations.
After venous pressure had been elevated for 30 minutes, samples
of venous blood were removed simultaneously from both arms.
The blood was heparinized and agitated in the syringes for 15 min-
utes, and was then transferred to test-tubes in which the gentle
agitation was continued while small amounts were removed for
examination. Hematocrit determinations were carried out immedi-
ately, almost always in triplicate. In certain observations from
three to five erythrocyte counts were made on each blood sample
by each of two observers, the results being averaged. Hemoglobin
concentrations were determined colorimetrically. Plasma proteins
were estimated according to the titration method of Howe, with
fractionation when large changes occurred. From the observed
results the amount and protein content of the capillary filtrate may
be calculated.
Such computation requires the assumption that the fluid is lost
wholly from the plasma. Studies by Peters'6 indicate that this is
the case. In addition, the hematocrit readings have been matched
with either red cell counts or with hemoglobin determinations to
identify any significant changes in absolute cell volume. In agree-
ment with Peters, our results indicate that the fluid is lost almost
entirely at the expense of the plasma. Under the conditions of
these observations it is possible then to calculate water loss from
the change in hematocrit readings.
If 100 cc. of unconcentrated blood from the control arm is com-
pared with 100 cc. of concentrated blood removed simultaneously
from the other arm, then x, the amount of fluid lost, may be cal-
culated from the cell volume of the unconcentrated and the con-
centrated blood (C1 and C2 respectively) by the equation,
x- 100 -100-C
If the capillary wall allows no protein to pass, the absolute amount
of protein will be the same, but the percentage will be increased in
proportion to the reduction in plasma volume. Then:
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P'1 Pr2=-Pr Pl- x
where Pr2 and Pr, are the plasma protein percentages of the con-
centrated and the unconcentrated blood respectively, and where Pl1
is the plasma volume of the unconcentrated blood. By comparing
the calculated protein percentage, Pr2, with that actually observed,
Pr'2, a loss of protein can be detected. The amount of protein (in
grams), A Pr, lost by the original 100 cc. of blood can be calculated
from the equation,
A Pr=Pr, P11 Pr'2 (Pll-x) 100 100
Knowing the volume of capillary filtrate, the percentage of protein
in the capillary filtrate can be estimated.
The calculated results are summarized in Table 2, which indi-
cates that the capillary filtrate produced by a venous pressure of
80 mm. Hg may contain relatively large amounts of protein, while
at venous pressures of 60 mm. Hg or less the amount of protein
lost in the capillary filtrate is extremely small, amounting usually
to 0.3 per cent or less.
TABLE 2
THE PASSAGE OF FLUID AND PROTEIN THROUGH THE CAPILLARY WALL DURING
VENOUS CONGESTION
Venous pressure Fluid loss Protein infitrate
cc. per 100
mm. Hg cc. of blood grams per 100 cc.
17.2 1.2
13.7 1.2
80 11.9 2.8
12.9 0.1
19.5 2.3
8.9 0.7
60 7.4 0.0
7.2 0.3
8.5 0.1
5.6 0.0
40 3.8 0.0
1.9 0.0
1.1
20 2.3
0.0
215YALE JOURNAL OF BIOLOGY AND MEDICINE
In passing, it may be noted (Fig. I 1) that these blood studies
verified the conclusion reached before by plethysmographic observa-
tions. Even with a venous pressure of 20 mm. Hg, the blood lost
fluid amounting to as much as 2.3 cc. per I00 cc. of blood. Higher
venous pressures produced greater fluid loss. The influence of
venous pressure on filtration can therefore be identified not only by
increase in tissue volume but also by decrease in plasma volume.
In order to test the permeability of the capillary wall more
directly, fluid was removed from the subcutaneous tissues of two
patients with edema. The
first patient suffered from
0 . carcinoma with multiple
a. intra-abdominal metastases,
which elevated venous pres-
kt/5
- sure in one leg to 30 mm.
Hg. This venous obstruc-
tion developed while the
k" /xpatient was in the hospital,
and the fluid was removed
several days after the first
MS Fappearance of edema. The
. tissue fluid, removed by
Southey's tubes, contained
01 40 60 80 0.39 per cent protein, while GC4rAt /M. the plasma contained 6.64
FIG. 11. Chart showing fluid loss from the per cent.
blood during venous congestion. Loss of fluid was The second patient suf-
detected by means of hematocrit determinations. fered from nephrosis and
was not benefited by the
usual diuretic therapy, so that Southey's tubes were resorted to.
Six hours before the fluid was withdrawn the patient assumed the sit-
ting position with the legs dependent, so that the hydrostatic pressure
of the column of blood in the veins amounted to about 40 mm. Hg.
Fluid removed from the legs contained 0.09 per cent protein, while
the blood plasma contained 3.27 per cent. In these two instances,
therefore, the capillary wall held back approximately 95 per cent
of the blood protein.
Since the capillary filtrate may contain 0.3 per cent or less of
protein, the higher protein percentage of lymph must be explained
on the basis of reabsorption of fluid. We have seen that through
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a considerable part of the capillary network of mammals capillary
pressure is below the colloid osmotic pressure of the blood. Con-
ditions are such as to favor reabsorption of fluid filtered from other
capillary areas where capillary pressure exceeds the colloid osmotic
pressure of the blood. It must be more than a coincidence that the
lymph protein percentages reported under normal conditions rarely
exceed 4.5 per cent, which is close to the maximum concentration
of extravascular protein which could be produced by a venous pres-
sure of 8 to 10 cm. of water and a colloid osmotic pressure of 35 cm.
of water.
Such a relationship explains the lowered protein percentage in
lymph whenever the flow of lymph is increased by muscular exer-
cise, venous congestion, plasmapheresis or hydremia. Under these
conditions the opportunity for reabsorption is diminished and the
extravascular fluid, finding its way into the lymphatics, resembles
more closely the original capillary filtrate containing only 0.3 pee
cent protein.
In general, the more rapid the filtration the more nearly will
both tissue fluid and lymph resemble the fluid filtered through the
capillary wall. It does not seem justifiable, therefore, to state that
the effective osmotic pressure for returning fluid to the blood capil-
laries is the difference between the colloid osmotic pressure of the
blood and the colloid osmotic pressure of the lymph from the area
under observation. Lymph probably represents mixed capillary
filtrate and tissue fluid after the reabsorption process has been
carried to as complete a stage as the balance between capillary
pressure and blood colloid osmotic pressure will permit. Cer-
tainly the available evidence seems to favor the view that in man,
at least, the capillary wall is capable of holding back 95 per cent
of the plasma protein, except when venous pressure is extremely
high.
Two other factors in addition to those originally suggested by
Starling have been studied by means of the pressure plethysmo-
graph. It is a matter of common observation that environmental
temperature influences the volume of the extremities. These
changes in volume are, of course, largely due to vasodilatation, but,
in addition to this, slower changes in volume occur and these must
be ascribed to the accumulation of tissue fluid. Patients with mild
grades of ankle edema frequently volunteer the information that
their edema is worse in warm weather. Castellani' has described
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dependent edemas due to warm environmental temperatures. This
form of edema is not accompanied by any demonstrable renal or
cardiac insufficiency. Drury and Jones' found also that high tem-
peratures increased the filtration of fluid in the legs when measured
by changes in total limb volume during venous congestion.
The effect of temperature on the rate of filtration can be clearly
demonstrated in the human forearm by means of the pressure ple-
thysmograph (Fig. 12). Thus, when venous pressure is elevated
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FIG. 12. Chart showing the effect of temperature on
the filtration of fluid produced by a venous pressure of
60 cm. water over a period of ten minutes.
to 60 cm. of water for 10 minutes while the plethysmograph and
the contained forearm are kept at 14 to 15° C. the filtered fluid
amounts to about 1 cc. per 100 cc. of forearm. Under similar con-
ditions except for higher temperature, 44 to 450 C., the filtered fluid
amounts to almost 2 cc. per 100 cc. of forearm. At 24 to 340 C.
intermediate amounts of fluid are filtered. The same effect has been
demonstrated with venous pressures of 30, 40 and 50 cm. water.
In general, elevating the temperature of the limb from 14 to 440 C.
doubles the rate of filtration. This is probably due chiefly to the
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increased filtration area resulting from the opening of capillaries
previously dosed. It may be partly due to a rise in capillary pres-
sure incident to local vasodilatation.
Mention has been made of the observations of Thompson,
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FIG. 13. Chart showing the rates of filtration produced by
veno,us pressures of 60, 40, 30 and 20 cm. water ovrer prolonged
periods.
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Thompson, and Dailey8, who found that during quiet standing the
blood volume is diminished and the protein percentage increased.
These changes were ascribed to the filtration of a relatively protein-
free fluid into the tissue spaces of the legs. Now, if capillary pres-
sure and colloid osmotic pressure were the only two factors involved,
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FIG. 14. Chart showing the relation between decrease in
filtration rate and the volume of tissue fluid accumulated
in the forearm as a result of previous venous congestion.
this loss of fluid should continue indefinitely, since in the relaxed,
dependent portions of the body capillary pressure must far exceed
the colloid osmotic pressure of the blood. But according to Thomp-
son, Thompson, and Dailey the decrease in blood volume ceases
after about 30 minutes, indicating that fluid is no longer passing
from the blood into the tissue spaces of the legs.CAPILLARY PERMEABILITY
It appears that in man another factor must be added to those
suggested by Starling,-a force which tends to prevent undue loss
of fluid when capillary pressure is elevated over long periods of
time. The importance of this factor becomes evident when "reduced
arm volumes" are measured repeatedly while venous pressure is
elevated for prolonged periods. Thus (Fig. 13) the rate of filtra-
tion produced by a venous pressure of 60 cm. of water during the
first five minutes of congestion is relatively high but becomes less
and less until after 70 minutes fluid is being filtered at a rate only
one-quarter as rapid as that observed at the outset. Similarly, at
venous pressures of 40, 30 and 20 cm. water during the first 30
minutes of congestion the rate of filtration diminishes rapidly. It
may even cease entirely when the venous pressure is only slightly
elevated. This was observed in two experiments with venous pres-
sures of 20 cm. of water.
This decrease in the rate of filtration depends upon the amount
of fluid in the tissue spaces. If the decrease in filtration rate is
plotted against the volume of tissue fluid accumulated as a result
of previous venous congestion the relation becomes clear (Fig. 14).
Such results can best be explained by assuming that the tissues of the
forearm are only moderately elastic. To accommodate abnormal
amounts of fluid the tissue elements must be separated. Such dis-
tention requires that a pressure be built up in the tissue spaces. This
tissue pressure opposes the capillary pressure, and the effectiveness
of any given capillary pressure in producing further filtration is
diminished.
The effects of this tissue pressure can be shown clearly in another
manner (Fig. 15). When venous pressure is elevated to 60 cm.
of water during a series of successive 10-minute periods the volume
of tissue fluid increases rapidly at first and then more and more
slowly (shown by the solid line in Fig. 15). If venous pressure
is elevated to 60 and 40 cm. of water alternately the accumulation
of fluid in the tissue spaces finally abolishes the power of 40 cm.
of water to produce filtration. A venous pressure of 40 cm. of
water (dotted line, Fig. 15) was able to produce slow filtration
during the first period, barely perceptible filtration during the
second period, but thereafter no more filtration could be demon-
strated. A smaller accumulation of fluid completely eliminated
filtration by 20 cm. of water (broken line, Fig. 15). Instead, fluid
was removed from the tissue spaces, though in a forearm in which
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no previous filtration has occurred a venous pressure of 20 cm. of
water always produces filtration.
Tissue pressure is worthy of consideration in another respect.
After a period of venous congestion, fluid is removed from the tis-
sues until arm volume has returned to normal. The rate at which
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FIG. 15. Chart showing the effect of accumulated
tissue fluid on the filtration produced by 60, 40 and
20 cm. water.
fluid is removed depends on the volume of the accumulated tissue
fluid (Fig. 16), being more rapid when the volume of tissue fluid is
great, and much slower when the volume of tissue fluid is small.
The physiological importance of tissue pressure is obvious.
Turner and her coworkers'9 have shown that quiet standing places
a distinct burden on the cardiovascular apparatus, even to the point
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of producing dizziness and fainting in a certain proportion of sub-
jects. Under ordinary conditions, a fairly large portion of the
human body is below heart level. Hydrostatic pressure favors the
filtration of fluid from the blood into these dependent tissues. The
development of tissue pressure prevents dangerous losses of fluid
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from the blood stream, the volume of which must be kept above a
certain level if circulatory function is to continue.
It is a medical truism that certain forms of edema appear first
in the loose, easily distended tissues. The mere fact that edema
can occur shows that tissue pressure can delay but cannot prevent
the appearance of edemawhen venous congestion, capillary damage,
or reduced colloid osmotic pressure favor filtration continuously
over long periods of time.224 YALE JOURNAL OF BIOLOGY AND MEDICINE
In summary, five factors which modify the movement of fluid
through the capillary wall of man have been studied, as far as pos-
sible independently. The two factors originally outlined by Star-
ling have been found to act quantitatively in man in the manner to
be expected from physical principles. First, elevating venous pres-
sure and, therefore, capillary pressure, increases the rate at which
fluid is filtered into the tissue spaces. Second, elevating colloid
osmotic pressure of the blood diminishes the rate at which fluid is
filtered through "the capillary wall by a given venous pressure.
Third, additional evidence has been advanced to show that the capil-
lary wall of man is able to retain approximately 95 per cent of the
plasma proteins. Fourth, elevating the temperature of the fore-
arm increases the rate of filtration produced by venous pressures
between 30 and 60 cm. of water. Fifth, the accumulation of fluid
in the tissue spaces diminishes the effectiveness of any given venous
pressure to produce further filtration. The last two factors, tem-
perature and tissue pressure, must apparently be added to Starling's
hypothesis in order to explain certain normal variations in fluid
balance.
Capillary permeability is a term which is too often used loosely.
Conclusions concerning capillary permeability are often drawn with-
out considering the many factors involved in the movement of water
and dissolved substances through the capillary wall. Of these, no
one factor is rnore consistently neglected than capillary blood pres-
sure. This has resulted in theories postulating an active intervention
of the capillarywallorvariousmodifications ofitspermeabilityunder
conditions inadequately controlled from the physical standpoint.
rhere are still many things concerning fluid balance and capillary
permeability in man which cannot be explained even with the help of
the five factors just described. Optimism suggests, however, that
adequate control of the known factors will make simpler and more
certain the search for other forces at present guessed at or unknown.
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